MDM2 and MDMX, negative regulators of the tumor suppressor p53, can work separately and as a heteromeric complex to restrain p53's functions. MDM2 also has pro-oncogenic roles in cells, tissues, and animals that are independent of p53. There is less information available about p53-independent roles of MDMX or the MDM2-MDMX complex. We found that MDM2 and MDMX facilitate ferroptosis in cells with or without p53. Using small molecules, RNA interference reagents, and mutant forms of MDMX, we found that MDM2 and MDMX, likely working in part as a complex, normally facilitate ferroptotic death. We observed that MDM2 and MDMX alter the lipid profile of cells to favor ferroptosis. Inhibition of MDM2 or MDMX leads to increased levels of FSP1 protein and a consequent increase in the levels of coenzyme Q 10 , an endogenous lipophilic antioxidant. This suggests that MDM2 and MDMX normally prevent cells from mounting an adequate defense against lipid peroxidation and thereby promote ferroptosis. Moreover, we found that PPARα activity is essential for MDM2 and MDMX to promote ferroptosis, suggesting that the MDM2-MDMX complex regulates lipids through altering PPARα activity. These findings reveal the complexity of cellular responses to MDM2 and MDMX and suggest that MDM2-MDMX inhibition might be useful for preventing degenerative diseases involving ferroptosis. Furthermore, they suggest that MDM2/MDMX amplification may predict sensitivity of some cancers to ferroptosis inducers.
Ferroptosis, an iron-dependent form of nonapoptotic cell death, occurs through an increase in cellular phospholipid peroxidation in the context of a compromised phospholipid peroxide repair system. Four main classes of ferroptosis inducers (FINs) are able to cause cell death through distinct mechanisms. The end result of the cellular responses to each FIN is ultimately cellular lipid peroxidation leading to cell death. Class I FINs (e.g., erastin, its more potent derivative IKE (Larraufie et al. 2015) , as well as sulfasalazine and sorafenib) inhibit system X c − activity and deplete glutathione. Class II FINs [e.g., (1S,3R)-RSL3, hereafter referred to as RSL3] directly inhibit the activity of GPX4, a glutathione-dependent phospholipid peroxidase. Class III FINs (e.g., FIN56) induce degradation of GPX4 and also in-terfere with the production of mevalonate pathway intermediates, including coenzyme Q 10 (CoQ 10 ). Finally, class IV FINs (e.g., FINO 2 ) stimulate lipid peroxidation, as well as the loss of GPX4 activity .
TP53 has been shown to increase sensitivity to ferroptosis through regulation of a number of downstream targets (Murphy 2016) . First, p53 can decrease the expression of SLC7A11, a component of system X c − that is necessary for uptake of cystine by some cells to generate intracellular cysteine; cysteine is in turn needed for the generation of glutathione, which is a substrate for the activity of GPX4 needed to suppress ferroptosis. Second, induction of GLS2, a p53 target gene that favors glutaminolysis, promotes ferroptosis. Third, p53 can induce SAT1, which favors the formation of lipid peroxides to drive this type of cell death.
However, other studies have provided evidence that p53 can suppress ferroptosis in some contexts. For example, p21, a well-studied p53 target, can alter cellular metabolism to retard ferroptosis (Tarangelo et al. 2018) . Furthermore, through its protein-protein interaction with DPP4 that controls membrane lipid peroxidation (Xie et al. 2017) , p53 can inhibit ferroptosis. Thus, the role of p53 in regulating ferroptosis can vary with context. Oncogenic alterations in the p53 network may modulate ferroptosis sensitivity through diverse mechanisms, contributing to either tumor suppression or oncogenesis. These varying effects of p53 on ferroptosis led us to examine whether other components of the p53 network could also regulate ferroptosis.
Of key importance in the p53 network are the two negative regulators of p53, the homologous proteins MDM2 and MDMX. MDM2 is an E3 ligase that can ubiquitinate p53, as well as MDMX. While MDMX does not have E3 ligase activity on its own, it can form a heterodimer with MDM2 and thereby enhance the MDM2 E3 ligase activity (Karni-Schmidt et al. 2016; Leslie and Zhang 2016) . The MDM2-MDMX heterodimeric complex forms both through interactions between their respective RING domains (Leslie and Zhang 2016) and through short sequences at their respective C termini (Poyurovsky et al. 2007; Uldrijan et al. 2007) . Additionally, through their respective abilities to bind to a region within the p53 transactivation domain, both MDM2 and MDMX can repress the ability of p53 to function as a transcription factor. The p53 protein itself activates the transcription of the MDM2 gene, thereby creating a negative feedback loop. The MDM2-MDMX heterodimer maintains low levels of p53 protein in unstressed cells, thereby reducing the amount of p53 available to alter the transcription of its targets (including MDM2) (Alarcon-Vargas and Ronai 2002) . There are numerous hypotheses as to how MDM2 and MDMX regulate p53; the growing consensus is that they are necessary and nonredundant (Marine and Jochemsen 2004) for the regulation of p53. Mouse models (Wade et al. 2013 ) have shown that the two proteins have functions that can be both independent of, and dependent on, each other, based on context (Bielskieneė t al. 2015; Karni-Schmidt et al. 2016) . MDM2 and MDMX also possess functions and interactions that are independent of p53. MDM2 in particular has been shown to have pro-oncogenic activities beyond regulating p53 (Bohlman and Manfredi 2014) , and MDM2 can bind to a myriad of proteins, either altering their activity or causing their proteasome-mediated degradation (Fåhraeus and Olivares-Illana 2014) . MDM2 has also been shown to regulate gene expression (Biderman et al. 2012; Jain and Barton 2016) , heterochromatin rearrangement (Mungamuri et al. 2016; Wienken et al. 2017) , DNA repair, and replication (Melo and Eischen 2012; Eischen 2017) . Furthermore, this protein has roles in cellular metabolism (Riscal et al. 2016) , EMT and metastasis (Wang et al. 2009; Chen et al. 2013; Lu et al. 2016; Chen et al. 2017a) , cell survival and growth (Feeley et al. 2017) , as well as mitochondrial dynamics (Arena et al. 2018) . Although less studied, MDMX has also been shown to regulate cellular processes independently of p53. MDMX can enhance tumor progression in some cases by promoting cancer cell growth and genomic instability (Kadakia et al. 2002; Carrillo et al. 2015; Xiong et al. 2017) . Supporting the idea that MDM2 and MDMX have p53-independent functions are data from human patients' tumors that do not harbor wild-type p53, but that do have amplified levels of MDM2 or MDMX or both. It is also noteworthy that both MDM2 and MDMX can be activated by oncogenic stressors and mitogenic signals apart from p53 (Karni-Schmidt et al. 2016) .
Intriguingly, in some settings MDMX may have tumorsuppressive roles in limiting cell transformation (Matijasevic et al. 2008 ) and tumor progression (Mancini et al. 2017) , as well as promoting genome stability (Matijasevic et al. 2016 ). MDM2 has also been found to have tumor suppressor functions in addition to its oncogenic function (Manfredi 2010) . For example, MDM2 has been reported to have growth-inhibitory domains (Deb 2002 (Deb , 2003 , which seem to be particularly manifested when MDM2 is ectopically expressed (Deb 2003; Ganguli and Wasylyk 2003) .
Here, we report that MDM2 and MDMX promote ferroptosis in a manner that is independent of p53. These findings not only reveal two new key regulators of ferroptosis, they also provide a mechanism by which these proteins might exert tumor suppressor functions.
Results

p53 is not required for suppression of ferroptosis caused by inhibition of MDM2
We tested a number of human cancer cell lines for their sensitivity to erastin, a class I FIN that inhibits system X c − activity. Consistent with prior reports, we found marked differences in viability of several cancer cell lines in response to this compound over a 24-h treatment period ( Fig. 1A) . For example, HCT116 colon cancer cells and H1299 lung cancer cells were virtually unaffected by erastin after 24 h of treatment. In contrast, both HT-1080 fibrosarcoma cells and SK-Hep1 liver cancer-derived cells were sensitive to erastin. Cell death in these erastin-sensitive cell lines was validated to be via ferroptosis, as it was reversed by ferrostatin-1 (fer-1), which inhibits lipid peroxidation and ferroptosis (Supplemental Fig. S1A ; Dixon et al. 2012) . When the time frame of the experiment was extended to 48 h, some cell death in HCT116 and H1299 cells was observed, which was reversed by fer-1 (Supplemental Fig. S1B ), indicating that their death, while moderate and with a delayed onset, was via ferroptosis. Since there was not much difference in the response of HCT116 cells that harbor wild-type p53 and p53-null H1299 cells, we concluded that there was no obligate requirement for p53 to be present in its wild-type form for these cancer cells to undergo ferroptosis. (F-K) Effect of MDM2 antagonists (nutlin and MEL23) on the dose response of two different cell lines to erastin treatment. (F ) Cartoon of known structure and mechanism of action of nutlin (Vassilev et al. 2004 ). (G,H) HT-1080-derived cells (G) and SK-Hep1-derived cells (H) treated with the combination of nutlin and erastin. (I) Cartoon of known structure and mechanism of action of MEL23 (Herman et al. 2011 ). (J,K ) HT-1080-derived cells (J) and SK-Hep1-derived cells (K) treated with the combination of MEL23 and erastin. (L,M) Suppression of ferroptosis by the knockdown of MDM2 in two HT-1080-derived p53 KO clones. The top panel shows the viability of cells treated with a lethal dose of IKE when transfected with either the siRNA against Luciferase or one of two different siRNAs against MDM2. The bottom panel shows the corresponding decrease in the protein levels of MDM2 upon RNA interference against Luciferase (L) or MDM2 (1 and 2). The transfection was done using 15 nM of siRNA and the cells were treated with IKE 24 h after transfection. Cells in A-K were treated with drugs for 24 h. Cells in L and M were treated with drugs for 18 h. The data in A-E, G,H, J, and K represent the mean ± SE for two out of four independent experiments. The viability data in L and M represent the mean ± SE for four independent experiments. The viability data have been measured using ATP-based CellTiter-Glo reagent and have been normalized to the DMSO control.
To determine the extent of ferroptosis as a function of p53 status in erastin-sensitive cancer cell lines, multiple clones of p53 knockout (KO) HT-1080 and SK-Hep1 cells were generated using CRISPR/Cas9 technology (Supplemental Fig. S1C ). These cell lines were tested for their respective responses to a range of erastin concentrations ( Fig. 1B,C) . Consistent with previous reports (Murphy 2016) , p53 KO derivatives were more resistant to erastin compared with their wild-type counterparts. Nevertheless, the HT-1080 and SK-Hep1 p53 KO clones were still more sensitive to erastin than were H1299 or HCT116 cells, and their death was reversed by fer-1, as well as by deferoxamine (DFO), which is an iron chelator that prevents ferroptosis ( Fig. S1G ,M) had any effect on the responses of parental (WT) or p53 KO clones of HT-1080 and SK-Hep1 cells that were treated with staurosporine (STS), which elicits an apoptotic response (Belmokhtar et al. 2001 ). Thus, while in these cell lines p53 moderately sensitizes to ferroptosis, its presence is not required for ferroptosis.
Next, we evaluated the effects of two small molecule antagonists of MDM2: nutlin, which binds to the N-terminal region of MDM2 and blocks the primary site of the MDM2-p53 interaction ( Fig. 1F ; Vassilev et al. 2004) , and MEL23 (MDM2 E3 ligase inhibitor 23), which blocks the E3 ligase activity of the MDM2-MDMX complex ( Fig. 1I ; Herman et al. 2011) . Experiments with these compounds were complemented by the use of small interfering RNAs directed against MDM2 (see Fig Unexpectedly, in the parental HT-1080 cells, nutlin treatment modestly reduced cell death by erastin ( Fig.  1G ), while MEL23 suppressed cell death induced by erastin even more effectively (Fig. 1J ). This suggested that MDM2 might have a p53-independent function in facilitating erastin-induced ferroptosis. Indeed, in p53 KO cells, nutlin had little effect on cell death ( Fig. 1G ; Supplemental Fig. S2A,B ), while, as was seen in the parental (WT) counterparts, MEL23 substantially decreased the extent of ferroptosis ( Fig The results with MEL23 suggested that MDM2 might promote erastin-mediated cell death with or without p53. Since MEL23 is an inhibitor of the MDM2-MDMX heterocomplex's E3 ligase activity, this indicated that MDM2 may have E3 ligase targets other than p53 that can promote ferroptosis. As nutlin functions to block the p53-MDM2 interaction, it would not necessarily be capable of inhibiting p53-independent functions of MDM2, perhaps explaining its inability to suppress erastin-induced cell death in p53 KO cells (insight into the suppression of ferroptosis by nutlin in parental cells expressing wild-type p53 is provided below).
We found that RNA interference against MDM2 in p53 KO HT-1080 cells also prevented ferroptosis. In these experiments, we induced ferroptosis with IKE, a more potent inhibitor of system X c − (Fig. 1L ,M). We obtained similar results by depleting MDM2 using RNAi in SK-Hep1derived cells (Supplemental Fig. S2K ,M,N,P,Q,S) As another control, ablation of MDM2 did not alter cell death upon treatment with STS (Supplemental Fig. S2L ,O,R). In summary, these results demonstrate that MDM2 depletion or inhibition can selectively block ferroptosis, but not apoptosis, even in cancer cells lacking p53.
MDMX promotes sensitivity to ferroptosis independently of p53, alone and in complex with MDM2
We previously reported that MEL23 blocks the E3 ligase activity of the MDM2-MDMX heterodimer, preferentially over that of the MDM2 homodimer (Herman et al. 2011) . Since MEL23 reduced sensitivity of cells to ferroptosis, we reasoned that lowering levels of the MDMX protein would reduce MDM2-MDMX complex formation and thereby might similarly suppress ferroptosis. We sought to deplete MDMX protein using the MDMX inhibitor NCS207895 (Berkson et al. 2005; Wang and Yan 2011) , which represses expression from the MDMX promoter ( Fig. 2A) , and by using MDMX RNA interference, both of which result in lower MDMX protein levels. Indeed, treatment of cells with MEL23 or NCS207895, but not nutlin, prevented ferroptosis in both HT-1080 parental ( These data raised the question as to why nutlin treatment reduced ferroptosis in cells with wild-type p53 ( Fig. 1; Supplemental Fig. S2 ). Consistent with previous reports (Patton et al. 2006; Wade et al. 2006; Xia et al. 2008) , the levels of MDMX were markedly reduced upon nutlin treatment in the parental HT-1080 cells (Fig. 2B ). In contrast, nutlin treatment did not reduce levels of MDMX in HT-1080 p53 KO cells ( Fig. S3B ), nutlin treatment resulted in reduced MDMX protein abundance, which was not observed in p53 KO SK-Hep1 cells (Supplemental Fig. S3C,D) . In contrast, and as expected, MEL23 led to accumulation of MDMX, as reported previously (Herman et al. 2011) , by preventing its degradation by the MDM2 E3 ligase in both parental and p53 KO cells. Therefore, we hypothesize that the ability of nutlin to partially rescue viability in cells harboring wild-type p53 (but not KO cells that do not express p53) was due to its effect on the levels of MDMX protein. This finding, which suggests why nutlin was able to reduce ferroptosis in the presence of wild-type p53, provides further evidence that MDMX drives ferroptosis sensitivity. The ability of MEL23 to suppress ferroptosis, in conjunction with the need for both MDM2 and MDMX to promote ferroptosis, led us to test whether the complex formed between MDM2 and MDMX mediates the ferroptosis sensitivity of cells, as opposed to the possibility that MDM2 and MDMX have independent functions. Towards this end, we ectopically expressed either wildtype MDMX or the MDMX variants MDMX (C463A) and MDMX (ΔC5), which lack the ability to bind to MDM2 (Supplemental Fig. S4H ; Uldrijan et al. 2007; Huang et al. 2011) . Overexpressed wild-type MDMX markedly increased cell death induced by erastin ( Fig. 3 ) which could be suppressed by fer-1 (Supplemental Fig.   S4I ,J) in both HT-1080 and SK-Hep1 cells. This is consistent with the idea that MDMX is itself a target of the MDM2-MDMX complex and hence a limiting factor in the activity of the complex.
Overexpression of either mutant of MDMX produced significantly less ferroptosis, such that while both MDMX mutant proteins did cause an increase in cell death due to erastin, neither was as effective as wild-type MDMX despite being expressed at similar or even greater levels than wild-type MDMX ( Fig. 3; Supplemental Fig.  S4I ,J). Attempts to overexpress MDM2 and perform comparable experiments were not technically successful.
These results indicate that the MDM2-MDMX complex plays a role in facilitating ferroptosis, but also suggest that MDMX may have additional functions beyond being a part of the MDM2-MDMX heterodimer. Together with the finding that MEL23 is known to inhibit the MDM2 E3 ligase mainly when in complex with MDMX, we infer a primary role for the MDM2-MDMX complex in promoting ferroptosis. The MDM2-MDMX complex can promote ferroptosis in patient-derived glioblastoma models and rat brain slices
To examine whether MDM2 and MDMX can mediate ferroptosis in other contexts, we expanded our study to include patient-derived glioblastoma (GBM) cellular models, as well as an organotypic brain slice culture model of Huntington's disease. It was reported that patient glioblastoma models vary in their sensitivities to the ferroptosis inducer RSL3 (Quartararo et al. 2015) . We compared the sensitivity of two GBM patient-derived models with high expression of MDM2 (Ye et al. 2020 ), but with wild-type TP53 versus two patient-derived cell models with normal expression level of MDM2 and wild-type or mutated TP53 (Fig. 4A ). We found that these two sets of GBM models (high vs. normal expression of MDM2) had different responses to RSL3 (Fig. 4B) ; specifically, the models with high MDM2 expression had ∼50 times greater sensitivity to RSL3-induced ferroptosis. This trend in sensitivities of these models was specific to ferroptosis, as their response to apoptosis inducers, staurosporine, and doxorubicin, was similar ( Fig. 4C,D ). Notably, we were able to prevent cell death in both sets of GBM models with the coaddition of MEL23 (Fig. 4E,F ). The models with high expression of MDM2 exhibited a stronger inhibition of RSL3-induced death upon cotreatment with MEL23, such that upon MEL23 treatment their response to RSL3 became similar to that of the wild-type MDM2-expressing models. These results suggest that MDM2, and likely the MDM2-MDMX complex, are able to drive the sensitivity of glioblastoma cells to ferroptosis. Next, we examined the role of the MDM2-MDMX complex in the medium spiny neurons (MSNs) of the striatum of rats using a postnatal brain slice model of Huntington's disease (Reinhart et al. 2011 ). These brain explants have been previously shown to lose a large portion of healthy MSNs when the first exon of mutant HTT (mHTT-Q73) is cotransfected with yellow fluorescent protein (YFP), as compared with the number of MSNs with YFP transfection alone (Reinhart et al. 2011; Kaplan et al. 2015) . Since fer-1 can suppress ferroptotic death in this model (Skouta et al. 2014 ), we used it as a positive control to rescue the death of these MSNs with mutant HTT. We observed that MEL23 was also able to prevent mutant-HTT-induced death of these MSNs, even at low concentrations (Fig. 4G ). This suggests that MEL23 is an inhibitor of ferroptosis in rat neurons, and that MDM2 and MDMX might mediate ferroptosis in the context of neurodegeneration.
Promotion of ferroptosis by MDM2 and MDMX is not dependent on the cell cycle
MDM2 was shown to ubiquitinate the p21 protein, thereby stimulating its degradation, both independently and in complex with MDMX (Warfel and El-Deiry 2013). Furthermore, p21 can have an inhibitory effect on ferroptosis in some contexts (Tarangelo et al. 2018) . Therefore, we used p21 knockout (KO) clones that were derived from both HT-1080 and SK-Hep1 cells using the CRISPR/ Cas9 system (Supplemental Fig. S5A ) to show that the absence of p21 did not affect the degree of suppression of ferroptosis by MEL23 (Supplemental Fig. S5B,C) .
Even in the absence of p53, MDM2 has been reported to promote cell growth and survival in some settings (Feeley et al. 2017) , and these effects need not be dependent on p21. In line with this, we were unable to create stable MDM2 or MDMX knockout cells with CRISPR/Cas9 using either HT-1080 or SK-Hep1 p53 KO cells. This supports the notion that MDM2 and MDMX are necessary for cell survival in these cancer cell lines, even when lacking p53. MEL23 and MDMX inhibitor were able to prevent ferroptotic cell death, even after 7-8 h of treatment (Supplemental Fig. S5D , left panel). At this time point, we did not find significant changes in the cell cycle that were common to the two MDM2-MDMX inhibiting compounds, which had similar effects on ferroptosis (Supplemental Fig. S5D, right panel) . Taken together, these results indicate that the impact of blocking MDM2-MDMX complex activity on ferroptosis is independent of p21 and is not merely a by-product of cell cycle changes.
Inhibition of MDM2 and MDMX protects cells from ferroptosis caused by all classes of FINs
To gain insight into the role(s) of MDM2 and MDMX in promoting ferroptotic cell death, we aimed to identify which point in this process was affected by MDM2 and MDMX inhibition. This was accomplished by testing the impact of both MEL23 and the MDMX inhibitor on the response to other classes of FINs that induce ferroptosis through different mechanisms (Fig. 5A ). Importantly, both compounds were able to suppress ferroptosis induced by all of the FINs, with the degree of rescue being the highest with class I FINs. Notably, these effects also did not require p53, although RSL3 was better suppressed in the presence of p53 ( Fig. 5B; Supplemental Fig. S6A-C) . Thus, MDM2 and MDMX were not limited to promoting ferroptosis induced by system X c − inhibition; their roles extend to ferroptosis induced by all known mechanisms. We surmised that MDM2 and MDMX facilitate the lethal phospholipid peroxidation that is commonly affected by all four classes of FINs. Consistent with this conclusion, we confirmed that depletion of GSH, a characteristic of class I FINs, was not prevented by either of the MDM2 or MDMX inhibitors ( Fig. 5C; Supplemental Fig. S6D ). On the other hand, lipid peroxidation, which is a hallmark of all classes of FINs, was blocked by these same inhibitors (Fig. 5D; Supplemental Fig. S6E ). This supports the likelihood that MDM2 and MDMX facilitate lipid peroxidation, a common requirement for all FINs.
We examined the mechanism by which MDM2 and MDMX promote ferroptosis. We first focused on HT-1080 cells and their p53 KO derivatives, and used class I FINs to define the mechanism, as they showed the best suppression with MDM2-MDMX antagonists. All classes of FINs are dependent on the presence of labile iron, as iron chelators are able to block ferroptosis . Using FIP1, a cellular FRET-based iron probe, Aron et al. (2016) reported that erastin treatment causes an increase in the cellular levels of labile iron, which is brought back to basal levels by cotreatment with the iron chelator DFO. On the other hand, fer-1 can block fer-roptosis without changing labile iron levels (compared with erastin treatment alone), demonstrating that reduction in iron levels is not the only means by which ferroptosis can be blocked (Aron et al. 2016) . When FIP1 was used to test the impact of MDM2 and MDMX inhibition MEL23 is able to inhibit the sensitivity of MDM2 wild-type glioblastoma models (E) and MDM2-amplified glioblastoma models (F) to RSL3 treatment. (G) MEL23 is able to suppress the mutant Huntingtin (mHTT) protein-induced neurodegeneration of rat striatal medium spiny neurons in a brain slice model of Huntington's disease. Rat corticostriatal brain slice explants were cotransfected with the first exon of the mHTT (Q73), and YFP transfection was used as a control. Brain slices were treated with either DMSO, a positive control mixture of 50 µM KW-6002 and 30 µM of SP600125, Fer-1 as a second positive control, or a three-point concentration response curve for MEL23. Cells in A-F were treated with drugs for 24 h. The data in A-F represent the mean ± SE for two out of four independent experiments. The data in G represent the mean ± SE from one of two representative experiments, with at least 24 samples assessed per condition. The viability data have been measured using ATP-based CellTiter-Glo reagent and have been normalized to the DMSO control.
on iron levels, we found that, unlike DFO, neither MEL23 nor the MDMX inhibitor was able to lower the levels of labile iron in cells ( Fig. 5E; Supplemental Fig. S6F ). This led us to conclude that, in order to promote ferroptosis, MDM2 and MDMX do not need to alter iron levels in cells, and that these compounds do not act like iron chelators.
MDM2 and MDMX prevent antioxidant responses during ferroptosis MDM2 and MDMX alter the lipid metabolism of cells undergoing ferroptosis Having ruled out the above mechanisms of suppressing ferroptosis, we performed untargeted lipidomic profiling to evaluate whether inhibition of MDM2 and MDMX changed the profile of lipids present in cells to disfavor lipid peroxidation. Cotreat-ment of cells with erastin and either MDM2 or MDMX inhibitors did indeed alter the lipid profile of cells. We observed two main trends in the lipid profile.
The first trend showed that these inhibitors caused an up-regulation of the abundance of many lipid species, including phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), and free fatty acids (FAs) ( Fig. 6A ; Supplemental Fig. S7A ). This accumulation of lipids could indicate impaired catabolism, such as through β-oxidation. When there is incomplete β-oxidation, intermediate chain acyl carnitines (C5-C14) accumulate, while long chain acyl carnitines (C16-C22) are unaffected (Afshinnia et al. 2018) , which we did not observe (Supplemental Fig.  S7B,C) . In addition to C5 and C16 carnitines, others such as C2 carnitines (derived from acetyl CoA obtained by metabolic breakdown products) and C4 carnitines (derived from both amino acid and lipid catabolism) (Koves et al. 2008) were increased in abundance upon MDM2-X inhibition. Additionally, when we blocked β-oxidation using etomoxir, which did indeed increase ferroptotic sensitivity as previously reported (Miess et al. 2018) , there was no effect on the ability of MDM2/X antagonists to suppress ferroptosis (Supplemental Fig. S7D ). Therefore, we concluded that altered β-oxidation is not the sole effect of MDM2 and MDMX inhibition. Instead, we assume that blocking these proteins led both to increased lipid anabolism and impaired lipid catabolism, and that the al-tered levels of acyl carnitines are simply markers of this global regulation of lipid metabolism. In the lipid profile analysis, we observed a second trend pertaining to triacylglycerides. In fact, both triacylglycerides and diacylglycerides were up-regulated upon erastin treatment, but were brought back to normal by the MDM2 and MDMX antagonists ( (C-F) The cell death due to erastin was assessed when PPARα activity was modulated using an agonist, pirinixic acid, or an antagonist, GW6471, in two different cell lines. Pirinixic acid blocks the lethal dose of erastin in HT-1080-derived p53 KO cells (C ) and SK-Hep1-derived p53 KO cells (D). GW6471 enhances the dose response to erastin in HT-1080-derived p53 KO cells (E) and SK-Hep1-derived p53 KO cells (F ). Cells in A and B were treated with erastin (10 µM) for 6.5 h. Cells in C and D were treated with erastin and pirinixic acid for 16 h. Cells in E and F were treated with erastin for 24 h and with GW6471 for 48 h. The data in A and B represent the mean ± SE for three biological replicates. The data in C and D represent the mean ± SE for three or two of three independent experiments, respectively. The data in E and F represent the mean ± SE for two out of four independent experiments. The viability data have been measured using ATPbased CellTiter-Glo reagent and have been normalized to the DMSO control. not able to block ferroptosis (Supplemental Fig. S7F,G) . Therefore, the altered levels of triacylglycerides can also be viewed as a casualty of the altered lipid metabolism due to MDM2-X inhibition. We hypothesized that cells treated with MDM2 and MDMX antagonists may up-regulate lipid metabolism pathways to combat oxidative stress. Among the up-regulated lipids upon MDM2-X inhibition were monounsaturated lipids (Fig. 6B) , which were reported to be able to counteract ferroptosis . In a second line of evidence that is presented below, we also found the ability of MDM2-X to regulate another key component of antioxidant defense of cells, CoQ 10 .Taken together, these lipidomic data led us to consider the possibility that one or more master regulators of lipids might be under the control of MDM2 and MDMX.
PPARα activity plays a key role in facilitating the abilities of MDM2 and MDMX to promote ferroptosis In order to identify the candidate master regulator, we first examined whether ferroptosis altered the localization of MDM2/X. We observed no consistent localization changes upon ferroptosis induction with erastin or suppression using DFO, MEL23, and MDMX inhibitor (Supplemental Fig. S8A ). As an alternative, we examined previously known targets of MDM2 that have a potential link to ferroptosis. However, the knockdown of known targets of MDM2 with potential links to lipid metabolism (DHFR and FANCD2) did not prevent the activity of MDM2/X antagonists in ferroptosis (Supplemental Fig. S8B,C) .
We then evaluated the role of PPARα, a transcription factor whose activity has been previously reported to be regulated by MDM2 under some conditions (Gopinathan et al. 2009 ). In fact, the PPAR family of transcription factors are known to be involved in large-scale rewiring of lipid homeostasis, particularly in response to stress (Gervois et al. 2000; van Raalte et al. 2004; Kersten 2008) . PPARα is also reported to regulate carnitine palmitoyl transferases to promote the formation of acyl carnitines (Song et al. 2010; Chen et al. 2017b ) and in fact, pharmacological fibrates are frequently used as triglyceride-lowering drugs that function by enhancing PPARα activity (Auwerx et al. 1996; van Raalte et al. 2004; Kersten 2008 ). Since we saw decreased abundance of triacylglycerides and increased abundance of acylcarnitines, in addition to large-scale changes to the lipid profile of cells treated with the MDM2 and MDMX antagonists, we hypothesized that this effect of MDM2 and MDMX on ferroptosis might be mediated by PPARα. To test this, we evaluated whether altering PPARα activity altered the sensitivity of cells to ferroptosis. To this end, we used both a PPARα-specific agonist (pirinixic acid) and a PPARα antagonist (GW6471). We confirmed the effectiveness of these compounds by testing their respective effects on select transcriptional targets of PPARα (Supplemental Fig. S9A,B) . In the p53 KO derivatives of both HT-1080 and SK-Hep1 cells, increased PPARα activity suppressed ferroptosis (Fig. 6C,  D) , while decreased PPARα activity increased their sensitivity to ferroptosis (Fig. 6E,F) . Akin to the effect of the PPARα agonist, the ectopic overexpression of PPARα also suppressed ferroptotic death (Supplemental Fig.  S8D,E) . On the other hand, PPARγ antagonist (GW9662) was able to decrease the ferroptotic sensitivity (Supplemental Fig. S9C,D) in line with reports indicating that the α and γ isoforms of PPAR have opposing cellular functions (Kersten 2008) . We were unable to eliminate the PPARα protein using RNA interference or CRISPR technology.
Nevertheless, we tested whether MEL23 and MDMX inhibition were able to rescue ferroptosis when PPARα activity was reduced. Strikingly, in the absence of PPARα activity, neither MDM2-MDMX antagonist was effective in suppressing ferroptosis. As a control, the ability of fer-1 to inhibit ferroptosis was unaffected by the lack of PPARα activity ( Fig. 7A-C; Supplemental Fig. S9E-G) . We verified that the effects seen were not due to increased toxicity of compounds, such that the combination of either MEL23 or the MDMX inhibitor with the PPARα antagonist did not significantly decrease viability (Supplemental Fig. S9H,I) , nor did cotreatment with the antagonist result in any changes in the ability of the antagonists to block or ablate MDM2 and MDMX (Fig. 7B,C; Supplemental Fig.  S9E,G) . Importantly, both MEL23 and the MDMX inhibitor themselves acted as agonists of PPARα activity, as seen by the up-regulation of known PPARα transcriptional targets (Fig. 7D; Supplemental Fig. S10A ). This corroborates the published report that MDM2 can regulate PPARα activity (Gopinathan et al. 2009 ), and also suggests that the MDM2-MDMX complex is able to regulate this activity.
The exact mode of regulation of PPARα activity by MDM2-X is nonetheless unclear. These MDM2/X antagonists did not significantly or consistently alter the protein levels of PPARα (Supplemental Fig. S10B ). Since PPARα is a transcription factor, nuclear exclusion could also alter its activity; we did not detect any change in localization of PPARα upon MDM2-X inhibition (Supplemental Fig. S10D ), even in the context of ferroptosis (Supplemental Fig. S10C ). This suggests that MDM2 and MDMX do not need to control the protein stability or nuclear localization of PPARα in order to regulate its transcriptional activity. On the other hand, both MDM2 and MDMX were detected when we immunoprecipitated PPARα, and this binding was not abrogated by the MDM2-X antagonists (Fig. 7E; Supplemental Fig. S10E,  F) . These results suggest that the MDM2-X complex may posttranslationally modify PPARα and alter its activity without inducing its degradation or nuclear exclusion.
MDM2/X alter the antioxidant responses of cells through PPARα activity
We evaluated whether heightened PPARα activity under MDM2-X antagonistic conditions could enhance other key defenses of cells. We measured the levels of CoQ 10 , a lipophilic antioxidant. In addition to its well-characterized role in the mitochondrial electron transport chain, CoQ 10 can also suppress lipid peroxidation in mitochondrial and nonmitochondrial membranes (Shimada et al. 2016) . Treatment with MDM2-X antagonists elicited a markedly increased ratio of reduced to oxidized CoQ 10 during ferroptosis (Fig. 7F ; Cells in A-C, E, and G were treated with erastin/MEL23/MDMX inhibitor for 16 h and also with GW6471 for 40 h, as shown in A-C and G. Cells in D and F were treated with erastin (10 µM) for 6.5 h. The data in B and C represent the mean ± SE for three or two of three independent experiments, respectively. The data in D and F represent the mean ± SE for three biological replicates. The viability data have been measured using ATP-based CellTiter-Glo reagent and have been normalized to either the DMSO control or the GW6471 control, respectively, in B, and to each transfection's respective control that is not treated with erastin in C.
Supplemental Fig. S10G ). In fact, these inhibitors not only suppressed the reduction in the ratio resulting from erastin treatment, but enhanced it further beyond the levels of the vehicle control due to increased levels of reduced CoQ 10 (Supplemental Fig. S10G, right panel) . This finding is in line with our hypothesis of large-scale rewiring of lipid metabolism caused by MDM2 and MDMX to favor prooxidant cellular pathways. Furthermore, it was reported recently that FSP1/AIFM2 can block ferroptosis independent of GPX4 by increasing the amount of reduced CoQ 10 (Bersuker et al. 2019; Doll et al. 2019) . We found that MDM2/X inhibition causes an increase in FSP1 levels, which likely in turn regenerates reduced CoQ 10 to block ferroptosis. We also observed that in order to achieve the complete induction of FSP1 by MDM2-X inhibition, the full PPARα activity is required in either cell line ( Fig. 7G; Supplemental Fig. S10H ) .
These results thus indicate that lowered PPARα activity is a key conduit for MDM2/X to suppress the antioxidant defenses of cells and thereby promote ferroptosis. We provide a model in Fig. 7H depicting our proposed scheme of the roles of MDM2 and MDMX in preventing the normal ability of cancer cells to resist the lipid peroxidation that drives ferroptosis.
Discussion
Results obtained with small molecule inhibitors of MDM2 and MDMX, siRNA-mediated ablation of these proteins, and ectopically expressed MDMX variants, have revealed that MDM2 and MDMX can regulate ferroptosis in a p53-independent manner. Furthermore, these data show that MDM2 and MDMX control ferroptosis sensitivity through their ability to regulate lipid homeostasis. Blocking the MDM2-MDMX complex causes an accumulation of monounsaturated lipids and reduced CoQ 10 , as well as changes in acyl carnitines and tri/diacylglycerols. This indicates that inhibition of MDM2-MDMX complex activity leads to a coordinated rewiring of lipid metabolism to suppress ferroptosis. Of note, oleaginous microorganisms accumulate lipids in response to ROS (Shi et al. 2017 ), suggesting a similar stress response upon inhibition of MDMX and MDM2. The increase in reduced CoQ 10 due to altered regulation of FSP1 has been shown to be a strong defense against lipid peroxidation (Bersuker et al. 2019; Doll et al. 2019) . It is unlikely, however, that the increase in CoQ 10 levels is the only means by which MDM2 and MDMX suppress ferroptosis, as MDM2 and MDMX inhibition also suppresses death induced by the class III FIN, FIN56, which can inhibit mevalonate-derived CoQ 10 production (Shimada et al. 2016) . It is therefore probable that additional defenses against ferroptosis are up-regulated in the absence of MDM2 and MDMX activity. Taken together, we assume that MDM2 and MDMX normally function to coordinate lipid metabolism, perhaps through one or more master regulators, in a manner that favors ferroptosis.
One such regulator is PPARα, the activity of which is modulated by the MDM2-MDMX antagonists and, in turn, this activity could mediate the role of MDM2 and MDMX in ferroptosis. Altered PPARα activity by MDM2 and MDMX disables the antioxidant defenses of cells, as well as effects other changes to the lipidome that together favor ferroptosis. The PPAR family of receptors, which are master regulators of cellular metabolism, particularly that of lipids, have been implicated in several diseases (Tyagi et al. 2011) . PPARα activity in particular has been targeted to control hyperlipidemia (Auwerx et al. 1996) , but of direct relevance here, it has also been implicated in controlling oxidative homeostasis of cells with implications in inflammation (van Raalte et al. 2004; Tyagi et al. 2011) . It was reported that MDM2 can regulate the transcriptional activity of PPARα, (Gopinathan et al. 2009 ) and we found that, in these cell lines, both MDM2 and MDMX behave like PPARα antagonists. Since these results indicate that MDM2 and MDMX do not alter the PPARα protein levels, their inhibitory effect on PPARα is not due to its degradation. However, the results with MEL23, which is an inhibitor of the E3 ligase activity of the MDM2-MDMX complex, suggests either the possibility that blocking ubiquitination of PPARα (but not its degradation) affects its activity, or that degradation of a regulator of PPARα leads to its altered activity. Given that MDM2 and MDMX associate with PPARα, it is more likely that its activity is kept at bay through ubiquitination by the MDM2-X complex. Future studies will hopefully illuminate better how MDM2 and MDMX control PPARα in cells undergoing ferroptosis.
There are numerous other proteins that can potentially be modulated to render cells susceptible to ferroptosis , either through PPARα or independently. For example, FSP1 protein levels were still induced, albeit to a lesser degree, even when PPARα activity was inhibited. It is possible that the MDM2-X complex can also directly control the stability of FSP1, along with regulating its transcription through PPARα or that there are other target proteins involved in this process. E3 ligase targets of MDM2, other than p53, have been discovered (Riley and Lozano 2012) , but there are no confirmed targets of the MDM2-MDMX heterocomplex other than p53 and p21. Since we found that the role of the MDM2-MDMX complex in ferroptosis is independent of p53 and p21, other targets (as yet unknown) can likely mediate these effects on lipid metabolism. Our experiments indicated that some other known targets of MDM2 with ties to lipid metabolism (DHFR and FANCD2) are not involved. Identifying more targets of the MDM2-MDMX complex that can modulate the cellular lipid profile changes poses a substantial challenge for the future.
Our findings with MDMX overexpression suggest that MDMX may have additional MDM2-independent role(s) in promoting ferroptosis. It is possible that MDMX can coordinate additional changes in lipid metabolism, possibly through different master regulators. This is in agreement with a recent report showing that MDMX might control obesity in mice by preventing lipid accumulation (Kon et al. 2018) .
Identifying a role for MDM2 and MDMX in ferroptosis may provide insight into therapeutic applications of ferroptosis inducers and inhibitors. The data presented here suggest that cancers with high levels of the MDM2-MDMX heterocomplex (and its E3 ligase activity) might be suitable targets for therapy involving ferroptosis inducers. Our results showing that the MDM2-MDMX complex can mediate the ferroptosis sensitivity of patient-derived glioblastoma cell lines further corroborates this hypothesis. There have been extensive efforts to develop nutlin-like compounds to treat cancers with wild-type p53 (Warner et al. 2012; Atatreh et al. 2018) ; one possible approach is to pair such compounds with other chemotherapeutics to achieve a more profound cancer control (Deben et al. 2015; Zanjirband et al. 2016) . Given the discovery of p53-independent roles of MDM2 and MDMX, cancers with amplifications in MDM2 and MDMX (even in the absence of wild-type p53) (Wade et al. 2013; Pishas et al. 2015) might benefit from therapies that act as antagonists of MDM2 and MDMX. However, such therapies would likely not benefit from being combined with FINs or chemotherapeutics that induce ferroptosis, such as sorafenib (Lachaier et al. 2014 ) and sulfasalazine . With regard to such combinations, our data indicate that combining MDM2-MDMX antagonists with ferroptosis inducers would in fact be counterproductive. On the other hand, cancer therapies that activate p53 and cause unintended organ damage might be doing so through the induction MDM2/X mediated ferroptosis in those organs. For example, some studies suggest that the cardiotoxicity associated with doxorubicin treatment for breast cancer can be counteracted with CoQ 10 supplementation (Conklin 2005) . Such therapies might benefit from combinations with ferroptosis inhibitors to allow for higher doses of the therapy to be safely administered.
The results reported here could also aid in designing therapies for neurodegenerative disorders, ischemia, and organ damage, which have been shown to involve ferroptosis ): MDM2-MDMX inhibitors might be used as inhibitors of degeneration in these diseases, as has been suggested for Fer-1 . In support of this concept, we found that MEL23 has a robust neuroprotective effect in the brain slice model of Huntington's disease. MDM2 has also been shown to regulate kidney function, predominantly through its effects on p53, but also via p53-independent roles in modulating postischemic kidney injury (Mulay et al. 2012 ). Since there is mounting evidence that ferroptosis mediates kidney injury (Martin-Sanchez et al. 2017 ) and failure (Friedmann Angeli et al. 2014; Müller et al. 2017) , our data provide additional support for the notion that MDM2 (and MDMX) antagonists might have potential in treating kidney dysfunction.
While most of this work was done in the absence of p53, we did find that the suppression of MDM2 and MDMX is effective in reducing the degree of ferroptosis in cells with functional p53. Especially in the context of the class II FIN RSL3, there seems to be a further desensitization to ferroptosis by inactivation of the MDM2-MDMX complex be-yond the effect of loss of p53. We therefore suggest that MDM2 and MDMX may also be able to mediate the role of p53 in ferroptosis perhaps in different ways that are specific to particular classes of FINs. This mediatory role of the MDMs needs to be further evaluated to better understand the entirety of their role in ferroptosis.
Finally, MDM2 and MDMX may have context-dependent tumor suppressor functions in addition to their well described oncogenic functions mediated by inhibition of p53 (Manfredi 2010) . Our results suggest a mechanism for this observation; namely, that MDM2 and MDMX can act as tumor suppressors by rewiring lipid metabolism in a manner that facilitates ferroptosis. Given that mounting evidence suggests that ferroptosis is a tumor-suppressive mechanism Jennis et al. 2016; Murphy 2016; Ou et al. 2016; Wang et al. 2016; Zhang et al. 2019) , our data provide a new hypothesis for the field to explore.
Materials and methods
Chemicals
The commercially available compounds used were erastin (Selleckchem S7242), nutlin-3a (Sigma-Aldrich 444152), MDMX inhibitor NSC207895 (Calbiochem 444158), staurosporine (Selleckchem S1421), deferoxamine (Calbiochem 252750), MEL23 (InterBioscreen) (Herman et al. 2011) , PPARα agonist (Pirinixic acid; Selleckchem S8029), PPARα antagonist (GW6471; Santa Cruz Biotechnology CAS 436159-64-7), PPARγ antagonist (GW9662; Santa Cruz Biotechnology CAS 22978-25-2), and DGAT1 inhibitor (Cayman Chemicals A-922500).
The following compounds were synthesized: IKE as in Larraufie et al. (2015), fer-1 and RSL3 as in Dixon et al. (2012) , and FIN56 as in Shimada et al. (2016) .
All compounds were dissolved in DMSO (Sigma-Aldrich D8418). The fixed concentrations of compounds used was as follows (unless otherwise mentioned): 10 µM nutlin, 14 µM MEL23, 20 µM ferrostatin-1 (Fer-1), 90 µM deferoxamine (DFO), and 5 µM MDMX inhibitor. Cells HCT116, H1299, and SK-Hep1 were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heatinactivated fetal bovine serum (Gemini Bioproducts 900-108). HT-1080 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (Gemini Bioproducts 900-108) and 1% nonessential amino acids (Sigma-Aldrich M7145). All parental cell lines were obtained from ATCC. The HT-1080 and SK-Hep1 parental cells were wild type for p53 and p21 and were edited using CRISPR technique (described below) to obtain p53 KO and p21 KO clones.
Cell viability assay
For dose response curves, 1800 cells were plated 36 µL per well of a 384-well plate on day 1. Compounds were dissolved in DMSO and a 12-point, twofold dilution series was prepared. The compounds were then diluted 1:33 in media and 4 µL was added to each well of the plates on day 2. After 24-48 h of treatment (depending on the cell line), the viability of cells was measured using 1:1 dilution of the CellTiter-Glo luminescent reagent (Promega G7573) with media, which was read on a Victor 5 plate reader after 10 min of shaking at room temperature. The intensity of luminescence was normalized to that of DMSO control. Some of the compounds tested were added at a constant concentration as specified to each dilution of the lethal compounds and corresponding amounts of DMSO was added to the control FIN treatment alone.
For siRNA experiments in SK-Hep1-derived cells, 1400 cells were plated for SK-Hep1 wild-type cells, while 1000 cells were plated for the SK-Hep1-derived p53 KO cells (clone 2 and clone 4). The rest of the viability assay procedure remained the same.
For viability assays performed in six-well plates, cells were harvested using trypsin (0.5 mL per well) and the medium was saved from each well. The trypsinized cells were resuspended with the collected medium and two to three aliquots (0.10 mL each) sampling different regions of this suspension were taken into 96-well plates to serve as technical replicates for the measurement. Cell-Titer-Glo luminescent viability assay was used to measure the viability of these aliquots. The rest of the culture was used to extract protein to be analyzed using Western blots.
Lipid profiling
Lipid profiling was performed as follows: For coenzyme Q 10 detection and characterization using LC-MS, mass spectrometry-based targeted lipid profiling was done as described previously in Kraft et al. (2020) . For lipid profile analysis used for estimation of lipids and acyl carnitines (University of Colorado Denver), mass spectrometry-based untargeted lipid profiling was done as described previously in Reisz et al. (2019) . For lipid profile analysis used for estimation of triacyl and diacyl glycerols, mass spectrometry-based untargeted lipid profiling was done as described previously in Zhang et al. (2019) .
Huntington brain slice assay
Huntington brain slice assay was performed as described previously in Kaplan et al. (2015) .
Statistical analysis
Prism (version 8, GraphPad) was used to make all the graphs in the paper and for performing all the statistical analysis shown. The GraphPad style (0.1234 [ns], <0.0332 [ * ], <0.0021 [ * * ], and <0.0002 [ * * * ]) was used to represent the P-values. The P-values were calculated by ANOVA and appropriate multiple testing correction was done where required.
Standard procedures were used for genome editing, immunoblot, immunoprecipitation, quantitative reverse transcription PCR, transfection, flow cytometry, and measurement of reduced glutathione, labile iron, and lipid ROS. Please see the Supplemental Material for details.
